Endogenous levels of cyclic adenosine-3T:Y' -monophosphate in coleoptile first leaf segments of oat (Avena sativa L.), potato (Solanum tuberoslLm L.) tubers, tobacco (Nicotiana tabacum L.) callus, and germinating seeds of lettuce (Lactuca sativa L.) were measured with a modified Gilman binding assay and a protein kinase activation assay. The incorporation of adenosine-8-4C into compounds with properties similar to those of cyclic AMP was also measured in studies with germinating lettuce seeds. The binding assay proved reliable for mouse and rat liver analyses, but was nonspecific for plant tissues. It responded to various components from lettuce and potato tissues chromatographically similar to but not identical with cyclic AMP. The protein kinase activation assay was much more specific, but it also exhibited positive responses in the presence of compounds not chromatographically identical to cyclic AMP.
high concentrations of cAMP, incomplete replacement of the hormonal effect, similar if not equal results obtained by using other adenine nucleotides, and failure to test 2': 3'-cAMP, a close analogue of cAMP not possessing the same biological activity in animal systems. The effects of exogenous cAMP on higher plants might be purely pharmacological. Conclusive evidence that it has a natural function in plants must await the unequivocal demonstration of endogenous cAMP.
Several reports claim the existence of endogenous cAMP in higher plants. Six techniques have been utilized in these studies: (a) isotopic labeling with a metabolic precursor of cAMP such as adenine or adenosine (24, 28) , (b) assays using a cAMP-binding protein (2, 3, 15, 32) , (c) the protein kinase activation assay (25, 27) , (d) the radioimmunoassay (7, 9, 19) , (e) the luciferase assay (25, 27) , and (J) spectrophotometric measurement of the compound after isolation from Phaseolus vulgaris L. seeds (5) . The levels of cAMP reported in these studies range between 50 and 9,600 pmoles/g fresh weight. Other estimates of cAMP levels are far less than the above values (1, 14, 21, 23) . Frequently, authors using either the binding assay or radioimmunoassay have assumed that these assays possess a high level of specificity. This has led them to attempt to measure cAMP in crude homogenates with little or no purification. The reliance of these procedures on the displacement of labeled cAMP or cAMP derivative from a protein kinase subunit (binding protein) or antibody makes them susceptible to interference by salts or other impurities in the samples which could enhance displacement (4) .
We will show that the binding assay can give erroneously high values for cAMP levels in various plant tissues even after rigorous purification of the extract. In lettuce seed extracts, some of these erroneous results can be attributed to a specific fraction chromatographically similar but not identical to cAMP. By utilizing isotopic labeling and the kinase activation assay, we found that the maximum level of cAMP in a variety of higher plants is much lower than previously reported by several authors.
MATERIALS AND METHODS Measurement of Radioactivity. Radioactivity was measured with a Nuclear-Chicago Unilux-Ill liquid scintillation spectrometer. All measurements were made in 7 ml of a toluene scintillation fluid containing 4 g/l PPO and 50 mg/l POPOP except for Millipore filters used in the binding and kinase activation assays, which were analyzed in 5 ml of a 3:2 mixture of the toluene cocktail and methyl cellosolve. Radioactivity in zones of TLC plates or paper chromatograms was measured directly. Aliquots of solutions containing labeled compounds were spotted on paper or Millipore filters (HAWP) which were dried and then placed in scintillation fluid to ml of a solution containing 50 ,g/ml chloramphenicol, 0.5 mM theophylline, and 100 ,uCi of adenosine-8-14C and again aerated. Aliquots were removed periodically to determine uptake of "Cadenosine. After incubation in the "4C-adenosine for 5.5 hr, the seeds were filtered through a metal screen and rinsed with icecold H20 for 3 min. They were then homogenized in 100 ml of ice-cold 0. Specific Radioactivity of ATP. After elution of the alumina column with H20 to remove 3H-cAMP and comigrating "IC, the same column was eluted with 225 ml of 0.2 M Na2HPO4 to remove ATP and determine its specific radioactivity. The Na2HPO4 fraction was freeze-dried, redissolved in 8 ml of water, chilled and centrifuged to remove excess salt, and fractionated on a Dowex 50 column with H20. After measuring the radioactivity in aliquots of each fraction, a single 14C peak was detected. The pH of the material from this peak was adjusted to 7.5 with 0.1 N NaOH, and the volume was brought to 100 ml with distilled H20. A 0.1-ml aliquot was mixed with 0.06 ,umole each of cAMP, AMP, ADP, and ATP and chromatographed by cellulose TLC in MAA. Distinct 14C peaks corresponding to the ATP, ADP, and cAMP standards were present. (The presence of a 14C peak resolved from any 3H-cAMP in the previous alumina step but matching cAMP on this chromatogram seemed significant.) The radioactivity migrating with the ATP standard was used to calculate the specific radioactivity of ATP.
To determine the total ATP in an equivalent sample, 0.1-ml aliquots of the same Dowex 50 eluate were examined with the luciferase assay. The procedure used was similar to that of Ebadi et al. (8) . The 1 filter paper, and the filtrates were centrifuged. The supernatants were neutralized with KOH, chilled, centrifuged to remove KC104, freeze-dried, and redissolved in 3 to 12 ml of H20, depending on the amount of tissue used. The resulting solutions were purified by column chromatography using PVP followed by neutral alumina and Dowex 50. All columns were eluted with H20. Recovery estimates were made by measuring the 3H-cAMP marker present in aliquots of the fractions collected from each column, and they ranged between 36 and 42%C after the Dowex 50 step. The 3H-cAMP-containing fractions from the Dowex column were pooled and used for routine cAMP assays.
Preparation of Protein Kinase. Protein kinase was prepared from 75 g of rabbit skeletal muscle (Pel Freeze Biologicals, Inc.) according to procedures similar to those described by Kuo and Greengard (16) . Two major kinase peaks were eluted step-wise from the DEAE-cellulose column with consecutive 100-ml portions of 50 mm and 0.3 M potassium phosphate buffer, pH 7.0 and 1 mM Na2EDTA. Peak I from the column was concentrated by ultrafiltration to 20 ml, while peak II was reduced to 4 ml; each was dialyzed overnight against 5 mm phosphate buffer, pH 7. One-ml portions of each dialyzed enzyme solution were frozen as stock solutions for later use.
Binding Assay. Protein kinase from peak I of the DEAE column described above was utilized in a modified Gilman binding assay (10) . Standards of cAMP were prepared so that 50M4l of each solution contained from 1 to 32 pmoles of cAMP. Each assay tube contained 25 ,ul hr, and 967c at 5.5 hr. Figures 1 through 4 show the relative distribution of "4C-labeled compounds and 'H-cAMP after each of four purification steps performed in series on the lettuce seed extract. No distinct "4C peak appeared with the 'H-cAMP in any of these chromatographic steps. The Dowex 50 and electrophoresis separations did produce a "4C peak just prior to the position of the 'H-cAMP. The final separation with paper chromatography in EAA resulted in just 3 cpm of '4C which migrated with the 3H-cAMP. Further purification of the cAMP fraction was therefore prohibited. Table I summarizes the recovery of 'H-cAMP marker and comigrating "4C through each purification step.
The specific radioactivity of ATP in these extracts reached 6.9 ± 0.71 mCi/mmole after 5.5 hr of incubation in 14C-adenosine. Figure 5 , a and b. The abilities of these assays to respond to 2': 3'-cAMP were examined, and the results are shown on the standard curves. The binding assay was not responsive to 2':3'-cAMP at levels as high as 500 pmoles per tube (3.03 4M). The kinase activation assay did give a response at 1,000 pmoles/tube equivalent to less than 2 pmoles of cAMP, but this might have resulted from cAMP contamination of the 2': 3'-cAMP. The assayed: (a) alone, (b) after PDE treatment (10 mg), (c) with an additional 8 pmoles of exogenous cAMP, and (d) with 8 pmoles of cAMP followed by PDE treatment (10 l,g). These results are shown in Figure 6 , a and b. They indicate clearly the presence of nonspecific activity in the lettuce seed extract (Fig. 6a , fractions 2-5) and the absence of it in the rat liver extract (Fig. 6b) , where the displacing activity matched the 'H-cAMP marker. The addition of 8 pmoles of exogenous cAMP to aliquots of each fraction resulted in the measurement of approximately 8 additional pmoles in these aliquots, indicating the absence of any substances inhibitory to the detection of endogenous cAMP by this method in either the lettuce seed or rat liver extract. The effect of PDE on the displacing activity indicates the ability of the enzyme to degrade the added authentic cAMP in both lettuce seed and rat liver and the endogenous displacing activity in the rat liver, but inability to substantially remove the endogenous activity present in the lettuce seed extract. Thus the level of cAMP present in the lettuce seed extract was too low to be detected by this procedure. In the case of the lettuce seed extract, each of the fractions eluted from the alumina column was also analyzed with the kinase activation assay. Most of these fractions proved inhibitory to this assay, so fractions 5 to 7 (Fig. 6a) were combined and further purified on a Dowex 50 column. Figure 7 presents the results of an attempt to detect cAMP in the individual fractions of the Dowex 50 column with the kinase activation assay. Authentic cAMP added to aliquots of each fraction was quantitatively detected in almost every case, eliminating the possibility of inhibitors impeding the measurement of endogenous cAMP. There was a broad region of kinase stimulation which peaked in the same position as did the 3H-cAMP internal standard. PDE apparently destroyed some of this activity (fractions 4-9). Failure of the PDE to destroy all of the exogenous cAMP could indicate that not all of the endogenous activity capable of being destroyed was eliminated by this enzyme. Even if all of the activity coeluting with 3H-cAMP (fractions 5-8 of eluate curve) was in authentic cAMP, the maximum tissue concentration could have been only 2.8 pmoles/g unimbibed weight.
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Nonspecific Displacing Activity of Potato Tuber Extracts. Figure 8 shows the binding activity of individual fractions from a Dowex 50 column used to purify 1 kg of potato tuber extract. The extract had been purified by PVP and alumina column chromatography prior to the Dowex 50. There are two large peaks of displacing activity, one eluting before and one after the 'H-cAMP internal standard. Eight pmoles of exogenous cAMP added to aliquots of each fraction were detectable in addition to the endogenous displacing activity present, indicating that there was no inhibition of displacing activity in the 'H-cAMP region. Compounds in the shoulder of displacing activity, overlapping the region of the 'H-cAMP marker (fractions [7] [8] [9] [10] , were purified further by paper chromatography in EAA solvent. Figure 9 shows the displacing activity from eluates of the EAA chromatogram strips. Again, 8 pmoles of exogenous cAMP were quantitatively detected in nearly every case (data not shown). It appears, from the distribution of displacing activity into two major peaks, that activity eluting with the 'H-cAMP marker on the Dowex 50 column (Fig. 8) resulted from contamination from the two major peaks there, and was not likely due to cAMP. This is emphasized by the decrease in specific radioactivity of displacing activity under the 'H-cAMP peak from 0.099 pmole/cpm on the Dowex 50 column (Fig. 8) [5] [6] [7] (Fig. 6a ) from alumina purification of neutralized extract of germinated lettuce seeds. Twenty-ml fractions were reduced to 2 ml, then 150-.ul aliquots were reduced to 50 ,ul for analysis. One pmole of kinase activity is equivalent to the number of pmoles of 3P transferred to fl histone in the presence of 1 pn-lole of authentic cAMP. Each point represents the mean 4 SE of three replicates. 9 ). These data are included to illustrate the ability of the binding assay to detect activity which cochromatographs with cAMP during three successive purification attempts, but which can be resolved from cAMP by further purification. The concentration of cAMP displacing activity equivalents (24 pmoles/g fresh weight) in fractions migrating with 3H-cAMP in Figure 8 proved similar to results for aerated potato tuber discs in Table II , where identical purification steps were employed. we discovered, in the experiment in which '4C-adenosine was used, that displacing activity was associated with a 14C-fraction which originally eluted from the alumina column with ATP rather than with cAMP. Table III shows some chromatographic characteristics of this compound relative to cAMP. Although in some systems this 'IC fraction is very similar to cAMP, graphical data from chromatograms in which "4C and 3H-cAMP did not overlap (Fig. 8 ). Zones were eluted with H20, the eluate was brought to 2 ml, and 50-,ul aliquots were tested in the binding assay. One pmole of displacing activity equals 1 pmole cAMP equivalent. Values are given as the mean + SE of three replicates. clearly showed that no part of this fraction could be authentic cAMP. Figure 10 indicates the displacing activity associated with this fraction and its remarkable chromatographic similarity to the 'H-cAMP in the cellulose TLC-MAA system. There was more extensive displacing activity at pH 4 than at pH 4. 
DISCUSSION
Isotopic Labeling. Our estimation of the level of cAMP in lettuce seeds by the adenosine labeling experiment (0.37 pmole/g unimbibed weight) assumed that cAMP reached the same specific radioactivity as ATP, that the 3 cpm of 14C associated with the 3H-cAMP in the last purification step represented an amount of radioactivity significantly greater than background, and that all 3 cpm were in cAMP. The progressive enrichment of the 3H-cAMP fraction (Table I) 57, 1976 To demonstrate the presence of cAMP in plant tissues by this method, the putative "4C-cAMP fraction should be brought to constant specific radioactivity with the 3H-cAMP marker (i.e. 1H/14C remains constant through subsequent purifications), and a kinetic analysis of the effect of PDE on the 'IC fraction containing 1H-cAMP should be performed such that the rate of degradation of the putative "4C-cAMP is compared to that of the authentic 1H-cAMP.
Binding Assay. The effectiveness of our purification procedures in removing "IC-labeled contaminants is illustrated in Table I (Table II) . Lettuce seed extracts purified only by alumina chromatography produced fractions that reacted positively in the binding assay but which were inhibitory in the kinase activation assay. Subsequent purification with Dowex 50 of the inhibitory fractions which coeluted with 1H-cAMP from the alumina produced fractions which gave positive but low results in the kinase activation assay (Fig. 7) .
These results indicate a maximum endogenous cAMP level of 2.8 pmoles/g unimbibed weight. There is some nonspecific kinase stimulation activity associated with the purified lettuce seed extract (Fig. 7) , and knowledge of the chromatographic behavior of activity in this assay appears important. The effect of PDE on these fractions (5-8, Fig. 7 (12) , and the slime mold Dictyostelium discoideum produces cAMP during a specific developmental process (6) . It remains possible that localization of cAMP in organelles or other subcellular sites places the functional level of this nucleotide near or below the reliable detection limit of present assay procedures when reasonable amounts of whole plant tissues are used.
